Limitations on the number of unique protein and DNA molecules that can be characterized microscopically in a single tissue specimen impede advances in understanding the biological basis of health and disease. Here we present a multiplexed fluorescence microscopy method (MxIF) for quantitative, single-cell, and subcellular characterization of multiple analytes in formalin-fixed paraffinembedded tissue. Chemical inactivation of fluorescent dyes after each image acquisition round allows reuse of common dyes in iterative staining and imaging cycles. The mild inactivation chemistry is compatible with total and phosphoprotein detection, as well as DNA FISH. Accurate computational registration of sequential images is achieved by aligning nuclear counterstain-derived fiducial points. Individual cells, plasma membrane, cytoplasm, nucleus, tumor, and stromal regions are segmented to achieve cellular and subcellular quantification of multiplexed targets. In a comparison of pathologist scoring of diaminobenzidine staining of serial sections and automated MxIF scoring of a single section, human epidermal growth factor receptor 2, estrogen receptor, p53, and androgen receptor staining by diaminobenzidine and MxIF methods yielded similar results. Single-cell staining patterns of 61 protein antigens by MxIF in 747 colorectal cancer subjects reveals extensive tumor heterogeneity, and cluster analysis of divergent signaling through ERK1/2, S6 kinase 1, and 4E binding protein 1 provides insights into the spatial organization of mechanistic target of rapamycin and MAPK signal transduction. Our results suggest MxIF should be broadly applicable to problems in the fields of basic biological research, drug discovery and development, and clinical diagnostics.
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cancer diagnostics | high-content cellular analysis | image analysis | mTOR | multiplexing A dvances in molecular characterization technologies have radically affected cancer research, understanding, diagnosis, and treatment. For example, comprehensive genomic analysis shows that breast cancer can be divided into at least four intrinsic molecular subtypes, and each subtype is associated with a differential phenotype, prognosis, and response to therapy (1, 2) . Comprehensive molecular profiling has also revealed intrinsic molecular subtypes of other cancers, including glioblastoma, squamous lung, colorectal, and ovarian cancers (3) (4) (5) (6) . These classifications promise to drive development of new diagnostics and inform therapy decisions. Although multigene-based tests facilitate interrogation of broad genomic profiles of the whole specimen, important histological, cellular, and subcellular context is lost. Continued advances in basic and translational cancer research will likely require new comprehensive molecular profiling technologies.
Motivated by the need to maximize biomarker data from costly drug discovery efforts and clinical trials, shrinking sample sizes, and increasing appreciation of disease complexity, the use of multiplexed molecular analysis has steadily increased (7). Formalin-fixed paraffin-embedded (FFPE) tissue is the most common form of preserved archived clinical sample. FFPE tissues are extensively used for routine diagnosis, and archived, clinically annotated FFPE specimens have been used successfully to identify prognostic and predictive cancer biomarkers in retrospective analyses (8) (9) (10) . Chromogenic immunohistochemistry (IHC) is commonly used to determine in situ biomarker expression in FFPE tissue [e.g., diaminobenzidine (DAB) staining] but suffers from a number of inherent limitations, including the requirement of a new sample for each analyte, nonlinear staining intensity, and laboratory-to-laboratory variability due to subjective semiquantitative analysis (11) .
Fluorescence microscopy enables limited multiplexed, quantitative analyses in cell and tissue specimens. Up to five fluorescent dyes can be spectrally resolved using standard optical filters, and separation of up to seven fluorophores has been reported with multispectral imaging (12) . Despite these attributes, intrinsic autofluorescence often precludes detection of all but the most abundant molecules in fluorescence microscopy of FFPE tissues (13) .
The limitations described above motivated us to develop an analytical technology capable of quantitative, high-dimensional, in situ data acquisition from biological tissue specimens (Fig. 1) . In this report we describe a fluorescence microscopy procedure that enables high-level multiplexing of protein and nucleic acid detection and quantitation in a single FFPE tissue section. Image-processing algorithms register image stacks, remove intrinsic autofluorescence, segment individual cells and tissue compartments, and quantify subcellular expression levels of multiplexed molecular targets. We report several aspects of this technology, including combined immunofluorescence, H&E, and DNA FISH, a comparison of automated staining analysis to standard IHC in breast cancer, and singlecell analysis of 61 protein antigens in 747 human colorectal cancer specimens.
Results
Development of a Fluorophore Inactivation Solution. Because fluorescence analytical approaches limit the number of target measurements possible in a single tissue specimen, we developed an assay capable of exceeding these limits in multiple sample types, including FFPE tissues. Alkaline oxidation chemistry was developed that eliminates cyanine-based dye fluorescence within 15 min (U.S. patent 7,741,045) (14) . The kinetics of fluorescence inactivation was measured via changes in optical absorbance (Fig. S1 ). After 5 min in dye inactivation solution, 60% and 80% reductions in absorbance were observed for Cy3 and Cy5, respectively ( Fig. S1 A and B) . A 15-min reaction with inactivation solution was sufficient to reduce fluorescence signals to less than 2% of original intensities. In corresponding control experiments, dyes showed no loss of absorption in PBS, and absorbance measurements of inactivated dyes returned to PBS confirmed the reaction is irreversible (Fig. S2 ). Additional fluorescent dyes were also evaluated (Fig. S1C) . Unlike Cy dyes, absorbance spectra of DAPI, fluorescein (FITC), and ATTO495 remained unchanged after 30-min reactions with inactivation solution. Given DAPI's utility as a nuclear counterstain, we explored this finding further. DAPI's absorbance spectrum remained unchanged in 140-min reactions with the inactivation solution (Fig. S1D) . Therefore, DAPI-stained nuclei can be imaged in each staining round and used as spatial reference points for registration, enabling quantitative analysis of image stacks (Figs. S3 and S4).
Sample Preparation and Dye-Cycling Conditions. We devised a routine process for sample analysis. Tissue was dewaxed and rehydrated using standard conditions, followed by a two-step antigen retrieval process that allows for application of antibodies that work optimally with acidic, basic, or protease-based antigen retrieval (U.S. patent 8,067,241) (15) .
To address the possibility that dye inactivation would result in loss of target epitopes and/or tissue integrity, we examined four markers with distinct subcellular localization patterns after repeated dye-inactivation reactions. Cyanine 3 (Cy3)-labeled anti-β-catenin and cyanine 5 (Cy5)-labeled anti-α smooth muscle actin (SMA) were analyzed in breast tissue over 100 reaction cycles, and Cy3-labeled anti-cellular tumor antigen p53 (p53) and Cy5-labeled anti-pan-keratin were analyzed in colon tissue over 90 reaction cycles. A sample was stained and imaged at each 10-cycle interval of repeated 15-min incubations in inactivation solution and compared with an untreated control. In both tissue specimens we observed no difference in staining intensity after all cycles for β-catenin and SMA and p53 and pan-keratin (Fig. S5D ), confirming no loss of target antigens or tissue integrity.
In this report, staining of 72 antibody-antigen pairs is described. Of these, 59 have been tested in series of 0, 1, 5, and 10 dyeinactivation reactions as part of routine antibody-antigen characterization ( Fig. S5 A-C and Dataset S1); 51 were unaffected and 8 demonstrated some degree of sensitivity to the dye-inactivation chemistry. Seven of the eight were moderately affected and exhibited a lower signal intensity after one and five rounds of exposure, with staining still evident after 10 reactions. One target [ribosomal protein S6 (RPS6)] exhibited extreme sensitivity, with large decreases in staining intensity at one and five rounds, and almost complete elimination of signal by 10 rounds of dye inactivation.
No predictable trend based on cellular localization or phosphorylation status was evident in susceptible antigen-antibody pairs.
Single-Cell Analysis and Visualization of Biological Features. We stained lineage-specific proteins such as epithelial cytokeratins, endothelial CD31, and SMA to define cancer tissue's cellular makeup with cellular resolution ( Fig. 2A and Fig. S6 ). Immunostains demarcating the plasma membrane, such as anti-Na + K + ATPase, and DNA stains of the nucleus further enabled delineation of tissue and cellular architecture at single-cell and subcellular resolution (Figs. 1 and 2 D and C). Pseudocolored, overlaid images were generated to visualize tissue architecture (Fig. 2E) , and computational image analysis algorithms were used to generate segmentation masks for cellular and subcellular analysis of epithelial cells (16) (Figs. 1 and 2F) .
We tested dye-cycling for compatibility with H&E staining of tissues at the end of the multiplexing cycle [eosin fluorescence precludes its use before multiplexed fluorescence microscopy (MxIF)]. DAPI images were computationally registered with hematoxylin-stained cell nuclei, allowing fluorescent images to be overlaid with the H&E image (Fig. S7) (17) . Pseudocolored structural protein and DNA stains were also used to generate H&E-like images to aid in visualization and interpretation of tissue morphology (Figs. 2G and 3 A, 1). Chromogen-like pseudocoloring of single stains was used to facilitate staining interpretation in a manner consistent with traditional DAB staining (Fig. 2 H) .
Combined Immunofluorescence and DNA FISH. Combined analysis of nucleic acids and proteins from the same biological sample is of increasing importance in disease diagnosis (18) . To test the utility of our dye-cycling method in combined analysis, breast cancer tissue samples were immunostained for human epidermal growth factor receptor 2 (HER2) and pan-keratin proteins, followed by DNA FISH analysis of the HER2 gene. Tissue was probed with dye-labeled Cy5-anti-Her2 and Cy3-anti-pan-keratin antibodies and counterstained with DAPI (Fig. 2I) . After dye inactivation, tissues were protease-treated followed by hybridization of dye-conjugated FISH probes for the HER2 gene and centromere 17 (CEP17) as a reference marker. As expected, the CEP17 FISH probe produced two copies per nucleus in a majority of cells, and HER2 probes in HER2-amplified tumors showed numerous clustered spots, which were detected with no apparent loss in sensitivity owing to the dye-cycling chemistry (Fig. 2J) . Merger of HER2 protein and DNA FISH images allowed unambiguous comparison of DNA FISH with immunostaining of identical regions in the same sample ( Fig. 2 K and E) .
Multiplexed Analysis of Single-Cell Mechanistic Target of Rapamycin
Signaling Phenotypes in Colorectal Cancer. Using MxIF, we examined complex phenotypes of established and emerging pathological features of colorectal cancer (CRC). Sixty-one protein antigens representing multiple signal transduction pathways and cellular aspects of tumor microenvironment were stained in specimens from 747 stage I-III CRC subjects distributed on three tissue microarrays (TMAs) (Dataset S2). The experiment included 38 distinct imaging steps. Each step was conducted on a single day, including staining. Thirty-two rounds included stains and six dispersed rounds were used to acquire autofluorescence signals for image processing (Dataset S3). The region of interest for each core was recorded once before iterative staining and imaging. Subsequent imaging steps included 15 min of manual operations to set exposure times and initialize imaging, followed by automated image acquisition. Staining required about 2 h of laboratory time, including the following steps:decover-slipping (15-30 min), manual staining (1 h at room temperature), manual rinses (15 min), and manual cover-slipping (15 min). Targets included markers of hypoxia and general cell stress, common pathological markers of CRC, as well as cellular features of tumor microenvironment including immune cells, stromal cell markers, extracellular matrix, blood vasculature, and functional read-outs of several regulatory proteins and kinases (Dataset S3, Fig. 3, and Fig. S6 ). Positive staining of 44 antigens in a single specimen demonstrated important features of microenvironment, including endothelial cells, extracellular matrix, immune cells, fibroblasts, and additional signal transduction effectors (Fig. S6) .
Kinases are important targets in the development of new anticancer therapies (19, 20) . Mechanistic target of rapamycin (mTOR) is a kinase that regulates cellular growth. mTOR is dysregulated in a large proportion of human cancers and is under active clinical investigation as a therapeutic target (21, 22) . Using MxIF to investigate one arm of the mTOR pathway in CRC cells, we analyzed phosphorylation levels of mTOR complex 1 (mTORC1) substrate eIF4E binding protein 1 (4E-BP1 T37/46) and ribosomal protein S6 (RPS6 S235/236), a substrate of the mTORC1 effector p70S6K (22, 23) . MxIF staining of mTORC1-mediated RPS6 and 4E-BP1 phosphorylations revealed divergent signaling to 4E-BP1 and RPS6 in CRC tissues (Figs. 3 B, 1 and 2 and 4 C and D; Figs. S8  and S9 ). We expected to find positive correlations between mTORC1-associated RPS6 and 4E-BP1 phosphorylation on a subject level and single-cell basis, but visual analysis of composite images demonstrated frequent mutual exclusivity of these modifications (Figs. 3 B, 1 and 2 and 4; Figs. S8 C and D and S9 A-C) .
Quantitative single-cell median intensity features were used to analyze RPS6, 4E-BP1, and ERK1/2 phosphorylation in individual cells from subjects with positive staining for at least one of these markers (Dataset S3). Of the 747 subjects studied, 20 did not stain positive for ERK1/2, RPS6, or 4E-BP1 phosphorylation. Antigens representing additional physiological processes were examined in negative cases to ensure sample integrity (Fig.  S10 ). Robust staining of at least one modified site in a minimum of 50 cells was found in 436 subjects. These subjects were analyzed further. The average number of cells analyzed in each subject was 823 (median 405, SD 972, range 51-4,700). Using K-medians clustering of whole-cell-level RPS6, 4E-BP1, and ERK1/2 phosphorylations in epithelial tumor cells, we examined clustered cell groups for patterns of staining intensity of these three modifications in all 360,082 cells that stained positive for at least one of the above phosphorylations. Consistent with our Fig. 1 . MxIF data acquisition, image processing, and data analysis scheme. (A) In the laboratory, background autofluorescence (AF) tissue images are acquired before subsequent application of fluorescent dye-conjugated primary antibodies. Stained images are then acquired, followed by dye inactivation and restaining with new directly conjugated antibodies. New images are acquired, and the cycle is repeated until all target antigens are exhausted. Times associated with each step are indicated. (B) Stained images are registered, background AF is removed from each stained image, and images are segmented into epithelial and stromal regions, followed by identification of individual cells and corresponding plasma membrane, cytoplasm, and nuclear regions. Pixel-level data are summarized in cellular features, which is subsequently queried in data analysis (C). Data analysis can consist of a variety of statistical and visual explorations. In this work, we use K-median clustering to group cells with similar mTOR activity.
visual interpretation, the first division in the hierarchical clustering dendrogram of 10 K-medians cell clusters divided cells with the highest levels of RPS6 phosphorylation from those with the highest level of ERK1/2 and 4E-BP1 phosphorylation (Fig.  4A ). Cluster 3:10 was the only group with above average phosphorylation of all three targets, whereas cluster 5:10 displayed robust phosphorylation of both ERK and 4E-BP1 (Fig. 4A) .
Analysis of cell cluster enrichment in each subject showed that the top enriched cluster in a notable proportion of subjects displayed mutual exclusivity in signaling through one arm of the pathway in the absence of the other [RPS6 top enriched: cluster 1 (6.7%) and cluster 4 (11.6%); 4E-BP1 top enriched: cluster 5 (1.7%), cluster 2 (5%), cluster 9 (16.7%), and cluster 7 (38%)] (Fig. 4B and Dataset S4). In contrast, only cluster 3 exhibited signaling at above average levels through both RPS6 and 4E-BP1 and was the top enriched cluster in just 2.3% of subjects analyzed ( Fig.  4B and Dataset S4). These results confirm that high levels of RPS6 and 4E-BP1 phosphorylation largely occur independently at the cellular level.
RPS6 and 4E-BP1 phosphorylation were sometimes mutually exclusive in entire TMA cores representing thousands of cells from individual subjects. In subjects with cluster 2 enrichment (4E-BP1 phosphorylation high), 11/21 had zero cellular representation of robust RPS6 clusters 1, 3, and 4. Conversely, 13/50 cluster 4 enriched subjects (RPS6 phosphorylation high) are devoid of any cells from robust 4E-BP1 phosphorylation cell clusters, and 40/50 cluster 4 enriched subjects shared fewer than 5% of cells from any of the clusters with robust activation of 4E-BP1 (clusters 2, 3, 5, and 9) (Fig. 4 A and B and Dataset S4).
Because ribosomal S6 protein kinase (p90RSK) has been shown to phosphorylate RPS6 in an ERK1/2-dependent manner, we asked whether clusters with high levels of RPS6 phosphorylation were associated with high levels of activated ERK1/2 modifications at the single-cell level (24) . In three of four cell clusters with above-average ERK1/2 phosphorylation, average RPS6 phosphorylation was negative, whereas cluster 3 was associated with high levels of RPS6 phosphorylation (Figs. 3 and 4 A and B and Fig. S9 ). However, cluster 3 was inconsistent with an exclusively mTORC1-independent, p90RSK-mediated RPS6 phosphorylation mechanism because it also exhibits above-average phosphorylation of 4E-BP1 (Fig. 4A) . Further examination of the degree to which cell clusters with high levels of ERK1/2 activation coincide with the occurrence of clusters with high levels of RPS6 and 4E-BP1 phosphorylation at the subject level revealed little overlap between these clusters in the tumor regions analyzed (Fig. 4B) . Taken together, these results suggest mTORC1 usually signals to these molecules under distinct spatiotemporal conditions in CRC cells, in vivo.
Discussion
In this work, we show that MxIF enables high-order, multiplexed, in situ microscopic analysis of biological molecules in individual cells. Although our applications focus on cancer, MxIF readily extends to tissue or cellular imaging research outside of oncology and should benefit many disciplines of basic and translational research and ultimately affect clinical practice.
Several limitations of current multiplexed fluorescence microscopy imaging technologies are overcome by MxIF. Attempting to catalog quantitative colocalized molecular features of cells with standard immunofluorescence methods becomes increasingly unfeasible as the number of analytes increases (e.g., to achieve all possible combinations of pairwise immunofluorescence of 61 proteins would require a prohibitive 1,830 samples). We detected 61 different protein epitopes in single FFPE tissue sections. An upper limit of analytes that can be examined in a single MxIF assay has not been reached. We also integrated MxIF with DNA FISH and H&E stains.
Our automated image analysis algorithms enable analysis of high-complexity cellular image data. Segmentation of tissue images into specific cell types and subcellular compartments facilitates quantitative subcellular biomarker localization measurements that agree with manual interpretation (Figs. S11 and S12). The repeated imaging of DAPI-stained nuclei provides fiducial points for each multiplexing round, allowing our registration algorithms to achieve accurate alignment of sequentially acquired images, which is vital to pixel-level analysis of molecular colocalization. We also developed algorithms to perform field flattening, autofluorescence removal, and regional, cellular, and subcellular quantitation of protein expression.
Alternative multiplexed microscopy strategies have been reported by others. Multiplexed imaging has been demonstrated by eluting or stripping antibodies with low pH or denaturation (25) (26) (27) . Multiepitope ligand cartography (MELC) is a photobleaching technique to achieve dye cycling (28) (29) (30) . The process has demonstrated imaging of 100 antigens in a single sample. Although MELC data allow analysis of protein networks within tissues, accompanying subcellular quantitation and integration with histological stains and DNA FISH have not been reported. Like the MELC approach, steric hindrance is generally not observed in our sequential antibody staining.
MxIF study of CRC allowed the mapping of cellular mTORC1 and MAPK signal transduction patterns in tissues with unprecedented resolution. Cluster analysis reveals that high-level phosphorylation of mTORC1-associated targets 4E-BP1 and RPS6 rarely occurs in the same cell, more often occurring in mutual exclusivity of one another. This likely reflects temporal or functional variation in mTORC1 signaling to these molecules, or cross-talk with other signaling pathways ( Fig. S9 and Dataset S4). Taken together with the finding that MAPK signaling known to be upstream of RPS6 phosphorylation is rarely found in cells and subjects with robust phospho-RPS6 high /phospho-4E-BP1 low phenotypes, our data suggest contextually distinct mechanisms regulating mTORC1 signaling to these canonical downstream targets in human colorectal tumors (Fig. 4 function by genetic and pharmacological means shows that mTORC1 signaling through established targets S6K1 and 4E-BP1 can be regulated in distinct manners and influence different cellular functions (31) . Rapamycin fails to inhibit mTORC1-mediated 4E-BP1 phosphorylation in many contexts, suggesting mTORC1 uses discrete mechanisms or binding partners to interact with its substrates (32) . Our findings should be examined in model systems to better understand the functional significance of these divergences.
Our method combines data from morphological, protein, and DNA FISH-based analyses using a single sample. Automated segmentation and quantitation of fluorescence images enables standardization and assay robustness. The preservation of sample integrity and the combination of H&E imaging with molecular marker information maximizes molecular data from limited sample resources. Single-cell and subcellular analysis and cell clustering algorithms allowed identification of clusters that were relatively rare in the overall population (range 1.2-16.4%), demonstrating the utility of this approach in finding rare cell phenotypes such as transient signaling events. Furthermore, this platform allows characterization of additional features of interest such as cancer stem cells and tumor microenvironment, enabling high-content analysis of human tissues and extending established high-throughput in vitro cellular imaging methods.
Materials and Methods
Descriptions of additional results are included in SI Results, Specimens were acquired in adherence to institutional guidelines, Reagents, fluorescence microscopy hardware, immunofluorescence and FISH techniques, image processing, image and data analysis, antibody conjugation chemistry, and dye inactivation procedures are given in SI Materials and Methods.
